The purpose of this analysis was to examine the efficacy of prophylactic hematopoietic colony-stimulating factors (CSFs) in pediatric cancer and to describe how a Bayesian meta-analysis can be conducted and then modified to incorporate information not readily included in a frequentist meta-analysis. Three Bayesian models were developed. The simplest model used the same data as a published frequentist meta-analysis. The second model included data that could not easily be incorporated into the frequentist meta-analysis, including data from different courses of chemotherapy and continuous outcomes that did not report variance estimates. The third model examined the effect of CSF type (granulocyte CSF vs. granulocyte-macrophage CSF). Compared with the frequentist model, the Bayesian model with the most data suggested a greater benefit of CSFs, with a 3.2-day reduction in duration of parenteral antibiotics (95% credible interval: ÿ7.1, 0.7) in the expanded Bayesian model compared with a 0.8-day (95% confidence interval: ÿ2.3, 0.7) reduction in the frequentist model. Bayesian metaanalysis also suggested that, compared with granulocyte-macrophage CSF, granulocyte CSF was associated with a 4.8-day decrease in the duration of parenteral antibiotics. Bayesian meta-analysis can readily include information not easily incorporated in a frequentist meta-analysis. Some treatment effect estimates were larger by a clinically important amount when additional data contributed to the pooled estimate.
patients with cancer at risk for potentially life-threatening infections. Both G-CSF and GM-CSF stimulate the regeneration of neutrophils in the bone marrow. These growth factors are given following completion of chemotherapy with the aim of shortening the duration of neutropenia. Although we knew that colony-stimulating factors (CSFs) could decrease the duration of neutropenia, it was unclear whether CSFs were associated with clinically meaningful outcomes. One such outcome is febrile neutropenia, which is fever that occurs during the period of neutropenia. Febrile neutropenia is important because children with this condition are typically admitted to the hospital and given intravenous (parenteral) antibiotics; some of these children will eventually be found to have a documented infection such as bacteremia (bacteria isolated in the bloodstream) and pneumonia. Consequently, other clinically important outcomes include duration of hospitalization, documented infections, days of intravenous antibiotic administration, and infection-related mortality.
In our previous meta-analysis (1) , which used a frequentist approach, we found that CSFs reduced the rate of febrile neutropenia (rate ratio ¼ 0.80, 95 percent confidence interval: 0.67, 0.95; p ¼ 0.01), decreased hospitalization length (weighted mean difference ¼ ÿ1.9, 95 percent confidence interval: ÿ2.7, ÿ1.1 days; p < 0.0001), and reduced the rate of documented infections (rate ratio ¼ 0.78, 95 percent confidence interval: 0.62, 0.97; p ¼ 0.02) when compared with placebo or no therapy. There were no differences in duration of parenteral antibiotic therapy (weighted mean difference ¼ ÿ0.8, 95 percent confidence interval: ÿ2.3, 0.7 days; p ¼ 0.3) or infection-related mortality (rate ratio ¼ 1.02, 95 percent confidence interval: 0.34, 3.06; p ¼ 0.97).
The analysis was complicated by two features of the randomized trials we included. First, some studies applied the assigned intervention after a single randomization to multiple cycles of chemotherapy and reported the data separately for different cycles (e.g., presenting the results after acute lymphoblastic leukemia induction and consolidation therapy separately). Because of nonindependence between results for subsequent cycles, we included data from only the first cycle in the frequentist meta-analysis. Second, some studies reported only an estimate of central tendency for continuous outcomes and did not report an estimate of variance. In the usual frequentist meta-analysis, these studies cannot be included. Both aspects resulted in a meta-analysis that omitted some of the available information for reasons that have no relevance to the question at hand.
Furthermore, two types of CSF products were used in these trials: G-CSF and GM-CSF. When indirect comparison of results stratified by treatment type was used, the classical analysis resulted in no differences in outcomes. However, a clinically meaningful analysis would directly compare the two types of CSF.
In this current meta-analysis, we attempted to overcome these limitations by using a Bayesian analytical approach. In this setting, a Bayesian analysis in essence determines how the results of a meta-analysis change the opinions held before the meta-analysis was conducted. This analysis requires an explicit mathematical expression of what is known about the effect of a treatment before the review (or meta-analysis) is conducted; this information is called the prior probability distribution. The data from the review are represented by the likelihood. The prior probability distribution is then updated by using the likelihood, and the resulting knowledge about the treatment effect is expressed as a posterior probability distribution. From this distribution, one can readily determine useful quantities such as the probability that two treatments differ by some clinically meaningful amount.
Our primary objective was to describe how a Bayesian meta-analysis can be conducted and then modified to incorporate information not readily included in a frequentist meta-analysis. Our secondary objective was to determine whether a Bayesian meta-analysis could shed further clinical insights not apparent from the frequentist meta-analysis.
MATERIALS AND METHODS

Review methods
For this meta-analysis, 16 articles were included (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Studies were included if 1) the population consisted of children (age defined by the individual study) or data were extractable for those less than age 18 years in studies that included adults and children; 2) there was randomization between CSFs and placebo or no therapy; 3) CSFs were given after initiation of chemotherapy, prophylactically, before neutropenia or febrile neutropenia developed; and 4) identical chemotherapy immediately preceded CSF and placebo administration or no therapy. The approach to study selection, data extraction, and assessment of study quality, as well as the results of the frequentist analysis, have been described elsewhere (1) . In total, the 16 studies included 1,183 children, 592 of whom were randomly assigned to CSFs and 591 to control arms. Table 1 describes the types of CSF and patient populations in included trials.
Statistical analysis
We limited our Bayesian analyses to outcomes reported in at least four studies. Therefore, this meta-analysis focused on six outcomes: three categorical (febrile neutropenia, documented infection, and infection-related mortality) and three continuous (days of neutropenia, hospitalization, and parenteral antibiotic therapy).
We developed three Bayesian models to examine the effect of CSFs. The first and simplest Bayesian model used the same data as the frequentist meta-analysis and served as a comparison. For studies that performed a single randomization and applied the allocated intervention following two cycles of chemotherapy and reported these results separately, the data from only the first cycle were included. In addition, studies that reported an estimate of central tendency for continuous outcomes but did not report an estimate of variance were excluded from the analysis of that outcome. The second Bayesian model incorporated data that had been excluded from the first model. The third Bayesian model examined the effect of CSF type (G-CSF vs. GM-CSF). meta-analysis, we modeled categorical outcomes by assuming that the number of events in a study followed a Poisson distribution, with the natural logarithm of the underlying rate expressed as a regression equation. Continuous outcomes were analyzed by using linear regression. Both regression equations had random effects for the control group mean (intercept) and treatment effect (slope). The intercepts and slopes were assumed to come from a normal distribution with unknown mean and standard deviation, which themselves were given diffuse prior normal and uniform distributions.
Incorporation of additional data. Data from multiple cycles. For the second model, we used the following approach for studies that separately reported data following two cycles of chemotherapy. For categorical outcomes, we extended the first Poisson model to account for within-study correlation (clustering) by assuming that both time periods within a study had the same baseline rate, which was a study-specific random effect. For continuous outcomes measured at two time points, we assumed that the two correlated mean values followed a bivariate normal distribution. The correlation between observations in the two periods was not published for any of these studies, so, to fit our model, we had to assume a value. Our starting assumption was that this correlation was 0.5, but we examined the sensitivity of the results to values of 0.25 and 0.75.
Continuous data with missing variance. We included continuous data that were missing an estimate of variance as follows. On the basis of the usual approach for sample variances, we assumed that each one has a distribution equal to the true study-specific variance times a chi-squared random variable divided by its degrees of freedom (18) . We assumed that the true study-specific variances came from a ''parent'' lognormal distribution with an overall mean and precision.
This between-study distribution of true variances was estimated from studies that reported variances and was then used to impute variances for studies that reported an estimate of central tendency but not variance. Web appendix 1 contains more details of this procedure, including the WinBUGS code used for the imputation. (This information from Drs. Tomlinson and Sung at the University of Toronto is described in the first of three supplementary appendixes; each is referred to as ''Web appendix'' in the text and is posted on the Journal's website (http://aje.oupjournals.org/).) It is important to note that this was a multiple imputation scheme because missing variances were replaced by multiple samples from the parent distribution, and the final results reflect the uncertainty in the imputation.
Incorporation of a treatment-type variable. The third set of models examined differences between the effects of the two CSF types. If three or more studies reported a particular outcome for a given CSF type, the effect of that CSF type on that outcome was estimated with a random-effects model; otherwise, a fixed-effects model was assumed. In practice, the effect of G-CSF was always estimated by using random effects, and the effect of GM-CSF was estimated by using random or fixed effects, depending on the availability of data. In each case, direct comparisons were made within the same model between estimates of the effects of the two types of CSF. This Bayesian model also included the additional data excluded from the frequentist analysis.
Other statistical issues
We used published guidelines to report elements in our Bayesian analysis (19) . For each of the analyses, we used diffuse priors, which allow the results to be driven by the data. Specifically, the prior distributions for the population mean treatment effects were normal, with mean ¼ 0 and variance ¼ 10,000, and the prior distribution for the standard deviations for the random-effect intercepts and slopes were flat relative to the scale of measurement. The lognormal prior distribution for true study variances had a normal (mean ¼ 0, variance ¼ 10 3 ) prior on the logarithm of the mean and a uniform (0.01, 100) prior on the standard deviation of the logarithm.
To assess how sensitive our inferences were to the particular prior distributions used, we also repeated the analysis by using skeptical priors (which express skepticism that CSFs are associated with a benefit) for the treatment effect parameter. For continuous outcomes, the prior distribution for the treatment effect was centered at 0, with variance such that there was a 95 percent chance that the treatment effect would be no more than a 2-day reduction in that outcome. For categorical outcomes, the prior distribution for the treatment effect was centered at a rate ratio of 1, with variance such that there was a 95 percent chance that the treatment effect would be no more than a 10 percent reduction in that outcome.
The Bayesian analysis was performed by using WinBUGS version 1.4, in which Markov chain Monte Carlo with Gibbs sampling is used to make inferences. After a burn-in of 5,000 updates, 50,000 iterations were performed and satisfactory convergence was observed by using triplicate runs (20) . Examples of the programs used for the meta-analysis are available in Web appendix 1 and at the following website: http://fisher.utstat.toronto.edu/georget/GCSFMetaAnalysis.
RESULTS
Of the 16 randomized trials included, three contained information from multiple cycles of chemotherapy and reported these results separately (7, 8, 12) . Four reported at least one continuous outcome without providing an estimate of variance (7, 11, 13, 16) . Table 2 demonstrates that the simplest Bayesian metaanalysis (the middle three columns) and the frequentist meta-analysis, which used the same data, yielded very similar results, albeit with slightly different interpretations. Specifically, there was a 22 percent decrease in the rate of febrile neutropenia associated with CSF administration, and there was a 99 percent probability that, compared with placebo or no therapy, CSFs were associated with less febrile neutropenia. As in the frequentist meta-analysis, the simple Bayesian analysis demonstrated that CSFs were associated with a 4-day reduction in the duration of neutropenia and a 2-day reduction in the duration of hospitalization but no difference in the duration of parenteral antibiotics or in infection-related mortality. In general, the credible intervals from the Bayesian analyses were wider than the corresponding confidence intervals from the frequentist analyses. Presumably, this finding results from the Bayesian models ''averaging over'' the posterior distribution of the unknown between-study variance parameter, whereas the frequentist models use a single estimate.
The three columns on the right side of table 2 demonstrate the impact of including more data in the Bayesian metaanalysis. When studies with two time periods and studies with missing variance estimates were included, the effect of CSFs on reducing febrile neutropenia, duration of neutropenia, and documented infections was similar compared with the frequentist meta-analysis. There was a 99 percent probability that CSFs reduced the rate of febrile neutropenia and a 94 percent probability that CSFs reduced the rate of documented infections. In contrast to the simpler Bayesian model, the model including additional data demonstrated a greater reduction in duration of hospitalization (3.4 days for the expanded model compared with 1.9 days for the simpler model and frequentist analysis) and duration of parenteral antibiotic therapy (3.2 days for the expanded model compared with 0.8 days for the simpler model and * G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; CrI, credible interval. y Used the same data as those in the frequentist meta-analysis. z Included information from 1) both periods in trials that analyzed the results of two periods separately and 2) continuous outcomes that lacked an estimate of variance (for more information, refer to the Materials and Methods section of the text).
§ A rate ratio (RR) of <1 or a weighted mean difference (WMD) of <0 with 95% confidence intervals (CIs) that do not include 1 or 0, respectively, suggest that CSF is better than placebo or no therapy.
{ The probability that the RR is <1 or the WMD is <0.
frequentist analysis). There was a 95 percent probability that CSFs were associated with a reduction in duration of parenteral antibiotic administration. Table 3 illustrates the difference in effect between G-CSF and GM-CSF. Compared with GM-CSF, G-CSF appeared to be associated with a greater decrease in the rate of febrile neutropenia, duration of neutropenia, rate of documented infection, and days of parenteral antibiotics. There was a 90 percent probability that G-CSF was more effective than GM-CSF in reducing the rate of febrile neutropenia. The use of G-CSF was associated with a 1.6-day greater decrease in duration of hospitalization compared with GM-CSF, and there was a 68 percent probability that G-CSF was better than GM-CSF with respect to this outcome. The use of G-CSF also was associated with a 4.8-day greater decrease in duration of parenteral antibiotic therapy compared with GM-CSF, and there was a 98 percent probability that G-CSF was better than GM-CSF with respect to this outcome.
The results of the sensitivity analyses using correlation coefficients of 0.25 and 0.75 for continuous outcomes reported for two periods were very similar to that in which a correlation coefficient of 0.5 was used (Web appendix 2).
When skeptical priors were used, the evidence for a CSF effect was still convincing. The probabilities that CSF was better than placebo or no therapy were 80 percent for the rate of febrile neutropenia, 99.8 percent for the duration of neutropenia, 91 percent for the duration of hospitalization, 70 percent for the documented infection rate, and 80 percent for the duration of parenteral antibiotic (Web appendix 3).
DISCUSSION
We demonstrated how Bayesian meta-analysis can readily overcome some of the methodological difficulties encountered during a frequentist meta-analysis that arose as a result of heterogeneity in the design of studies and reporting of data. This heterogeneity is a common problem when using secondary data sources. In this particular case, we found that inclusion of the additional information altered some of the conclusions from the more limited analyses.
The results of the frequentist analyses and simplest Bayesian models were virtually identical, which is to be expected because the Bayesian analyses used noninformative priors. Nonetheless, the simpler Bayesian analysis did have an advantage; the Bayesian paradigm makes it possible to express the probability that CSF is better than placebo or no therapy. Although it did not change the results, the Bayesian Poisson approach has a feature that is appealing in contrast to the corresponding frequentist approach. In our frequentist model, computation of variances to use as study weights required adding a small and arbitrary constant to studies with no observed events. Our Bayesian approach models event counts directly by using the Poisson distribution, so zero event counts in studies pose no problem. Finally, all of the Bayesian models, simple and otherwise, share the property that their results are exact (given the model). They do not, unlike the frequentist models for the same data, rely on the asymptotic normality of estimates for inference.
In contrast to the simpler model, several results were different in the expanded Bayesian model that made use of more information. These differences included a greater reduction in the duration of hospitalization and a reduction in parenteral antibiotic administration associated with CSF administration in the expanded Bayesian model. Upon inspection of the data (Web appendix 1), this difference can be attributed at least in part to observations with large differences in the treatment and control groups, in which an estimate of variance was omitted from the publication and could not be retrieved from the authors. Compared with findings from our previous publication (1), these findings suggest that CSFs are associated with greater benefits. However, it also is possible that publications that did not report variances were of poorer quality. If this hypothesis is true, then this current analysis may overestimate the treatment effect. The third Bayesian model that included a variable for treatment effect suggested that G-CSF is associated with greater benefit than GM-CSF, in particular with respect to the rate of febrile neutropenia and duration of parenteral antibiotic therapy. Since GM-CSF administration itself can be associated with fever (in contrast to G-CSF) (21) , this property may explain these differences in treatment effect associated with a different CSF type.
In theory, these analyses all could have been performed by using frequentist methods, although implementation of complicated meta-regression, particularly using random effects and imputation of missing variances, is not straightforward. It does require some statistical expertise to specify the appropriate models in WinBUGS. However, the software does not put unnecessary limitations on the structure of these models, so a model can be built and fitted that is appropriate to the data analysis at hand. We are not aware of an off-the-shelf statistical software package that would allow an analyst to specify and fit a frequentist version of model 2 in Web appendix 1 of this paper, for example. So, although there is nothing inherently Bayesian about imputation of missing variances and inclusion of both univariate and bivariate outcomes in a single meta-analysis, the availability of the WinBUGS software means that a Bayesian analysis may be the best current route to implementing solutions to these problems. We also would argue that the Bayesian hierarchical model makes it easier to conceptualize the solutions. Furthermore, a Bayesian approach enabled us to compute the probability that CSFs were better than placebo or no therapy and the probability that G-CSF was more effective than GM-CSF. These comparisons are clinically meaningful, and the ability to make such probabilistic inferential statements under a Bayesian paradigm could have important clinical implications.
A useful way to think about the posterior probabilities from a Bayesian model is that they are a function of the prior distributions used (22) . Different priors will necessarily lead to different posterior probabilities, even if the differences are minor. We have shown that the strong, positive findings for the rate of febrile neutropenia, for duration of neutropenia, and for duration of hospitalization remained relatively strong even with skeptical prior distributions for the treatment effect that put most of their weight on values of little clinical importance.
Previous research compared the findings of Bayesian and frequentist analyses, in which eight meta-analyses were reanalyzed by using a Bayesian approach after an initial frequentist analysis (23) . The results of four meta-analyses were similar and four were discrepant, with the Bayesian analyses concluding that the intervention was efficacious in contrast to the frequentist analysis. Our research is somewhat different from these other meta-analyses, since ours demonstrated that the Bayesian analysis of the same data was similar to the frequentist analysis; only upon inclusion of previously excluded data did differences emerge between the Bayesian and frequentist approaches.
In summary, Bayesian meta-analysis can readily overcome some of the methodological difficulties encountered when synthesizing the results of multiple trials. We found that some treatment effect estimates were larger by a clinically important amount when additional data contributed to the pooled estimate.
